The validity of the time-intensity superposition principle for the photoinitiated polymerization of nanocomposites based on a monofunctional fluorinated acrylate and on a multifunctional hyperbranched polyether acrylate was investigated in this work. Master curves were obtained for the conversion as a function of time, measured by photo differential scanning calorimetry, by shifting on the time axis the curves obtained at different intensities. A power-law dependence of the shift factor on the intensity was found for all materials, with exponents equal to 0.45 AE 0.03 for the fluorinated acrylates and to 0.71 AE 0.05 for the hyperbranched polyether acrylates. Consequently it is inferred that the radiant exposure reciprocity law, implying linear dependence of the shift factor on intensity, does not apply to the studied compositions. The kinetics of the photopolymerization of materials based on the fluorinated acrylate was analyzed with the autocatalytic model. The final conversion was independent on intensity and filler content. The rate constants showed for all materials a power-law dependency on intensity, with exponents similar to those of the corresponding shift factors.
Introduction
The photoinitiated polymerization of acrylates under UV light has attracted high interest for several commercial applications, as coatings for several types of materials (including metals, wood, plastics, optical fibers, etc), adhesives and restorative dentistry formulations [1] [2] [3] [4] [5] [6] [7] [8] . Their main advantages are solvent free formulation, low energy consumption, and ambient temperature operation. Acrylates are highly reactive and the transformation from a liquid resin to a solid polymer in the areas exposed to light is extremely fast. This characteristic makes them very good materials for photolithography for high definition images [9, 10] .
The nature of the acrylated monomer influences the properties of the final material, and the wide choice of acrylated monomers allows tailoring of the materials. Fluorinated chains impart water and oil repellency and therefore self-cleaning properties [11] . Hyperbranched monomers provide lower shrinkage than conventional acrylates allowing obtaining microstructures with high dimensional accuracy [9, 12] .
The addition of inorganic nanofillers to the compositions may also provide additional benefits. For example the addition of nanosized SiO 2 to photocurable formulations leads to improved mechanical properties, thermal stability, scratch resistance, and reduced shrinkage upon polymerization [13] [14] [15] [16] .
The kinetics of the photoinitiated polymerization of acrylates and methacrylates has been studied by means of photo differential scanning calorimetry (photoDSC) [17] [18] [19] [20] [21] [22] [23] , real time Fourier transform infrared analysis (FT-IR) [18, [24] [25] [26] , photorheology [27, 28] , and fluorescent probe [29, 30] . The autocatalytic model has been widely employed to describe the photopolymerization kinetics [17, 20, 30, 31] .
For applications requiring fast curing it would be advantageous to benefit from the very fast polymerization rates attainable with high UV intensities, while in other cases, as for dental restoration [32] , curing at lower intensity leads to higher integrity of the final material. It is therefore important to understand the influence of light intensity on the maximum conversion of photocurable resins. Some studies suggest that the final conversion does not depend on the light intensity but only on the energy dose, i.e. the product of the time of the exposure and the light intensity [33, 34] . On the other hand some researchers found that the final conversion and properties of the polymerized materials depended on the light intensity [17, 21, 35, 36] . The contradictory results obtained brought up the debate on the applicability to the photopolymerization of acrylates of the radiant exposure reciprocity law, stating that it is only the energy dose that determines the final effect on the light sensitive material [24] . The concept that a certain property of the polymer, namely the conversion, remains unchanged upon changing the intensity if the timescale is appropriately changed as well was successfully applied to UV-initiated cationic photopolymerization of an epoxy resin [37] . If the time-intensity superposition principle is applicable to the conversion of a monomer, it is possible to find the law that links intensity and time, and therefore check the validity of the reciprocity law.
The aim of this work is to determine whether the time-intensity superposition principle and the reciprocity law are applicable to the photopolymerization of acrylates by studying the curing kinetics of two different monomers, a monofunctional fluorinated acrylate and a multifunctional hyperbranched acrylate, and of nanocomposites based on these monomers.
Experimental

Materials and sample preparation
The monofunctional fluorinated acrylate monomer, 1H,1H perfluoro-n-octyl acrylate (97%), shown in Fig. 1a , was obtained from Exfluor Research Corporation, and contained 50 ppm methyl hydroquinone as inhibitor. A UV curable fluorosurfactant, PolyFox Ò PF-3320
( Fig. 1b) , obtained from Polysciences, Inc. and a photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (99%) (Fig. 1c) , supplied by Aldrich, were dissolved into the monomer upon stirring at 50 C for 1 h. The concentrations were 14 wt% and 0.5 wt% respectively. The mixture prepared in this way was left to stand overnight prior to further use and will be referred to as PFOA precursor. 
Methods
The heat of the photopolymerization reactions was measured by means of a Q100 differential scanning calorimeter (DSC) by TA Instruments, modified with a photoDSC set up. A UV lamp with a 200 W mercury bulb (OmniCure, 2000, Exfo, Canada) was connected to the DSC cell by means of an optical fiber. The cell was sealed with a quartz window that let the UV light pass onto the open aluminum sample pans. The sample space was flushed with nitrogen. To insure equal illumination conditions throughout the sample volume, the samples were weighed to give a thickness of 500 mm. The measurements were carried out at intensities ranging from 0.5 to 50 mW/cm 2 and at ambient temperature, the increase of temperature due to the irradiation of the lamp being less than 1 C at the end of the reaction. The reaction was considered completed when it was no longer possible to detect a change in heat flux. The total heat of reaction was then calculated according to Hoyle [38] by integration of the area under the exothermic peak. The conversion at each point in time was calculated as the ratio of the total heat of reaction to the heat of reaction evolved at the time t.
Fourier transform infrared (FT-IR) spectra of the precursors and polymers were recorded with a Nicolet Magna-IR 560 spectrometer equipped with a Specac Golden Gate ATR accessory. The spectra were acquired with 32 scans and a resolution of 4 cm
À1
. In order to acquire the spectra of the polymerized materials, the samples polymerized in the photoDSC were taken out from the DSC pans and measured on both the top and bottom surfaces, to check for conversion gradients.
The viscosity of the 3 wt% nc-PFOA precursor was measured with a strain controlled rotational rheometer (ARES, Rheometric Scientific, 2kFRT transducer), with a 25 mm parallel plate set up at ambient temperature. The viscosity at 1 Hz and 1% strain was 95 Pa s. The viscosity of the HBP þ Aerosil composites was somewhat lower (50 Pa s at 20 vol%), while the HBP þ Highlink composites showed a much higher viscosity at high filler content (9 Â 10 5 Pa s at 20 vol%) [16] .
The thermal properties of the PFOA based precursors and polymers were analyzed by differential scanning calorimetry. The measurements were carried out between À100 C and 70 C at a heating/cooling rate of 10 C/min (Q100 DSC, TA Instruments). Both the pure and nanocomposite PFOA precursors showed a crystallization temperature of À43 C. PFOA and nc-PFOA polymers, cured at 0.5 mW/cm 2 and 50 mW/cm 2 UV intensity, showed a broad glass transition around À35 C (middle point of the transition, T g ), a crystallization temperature (T c ) of 29 C and a melting temperature (T m ) of 52 C. The T g of the HBP and nc-HBP polymers measured by DSC was 9 C [16] . Dynamic Mechanical Analysis (Q800 DMA, TA Instruments) of nc-PFOA polymers containing 3 wt% Cab-o-sil was performed between À50 C and 60 C at a heating rate of 5 C/min. The excitation frequency was 1 Hz and the strain was 0.1%. Samples 6 mm wide and 0.3 mm thick were obtained by photopolymerization under nitrogen at 5 and 40 mW/cm 2 for 300 s with the same OmniCure 2000 UV lamp used for the photoDSC experiments.
Intensities were checked with a Solatell SolaCheck Ò UV spectrometer. For all samples the tan d curve showed two peaks, a first smaller broad peak at À18 C (T g ) and a second higher sharp peak at 45 C (T m ). These results are in agreement with those obtained by DSC.
Results and discussion
Photopolymerization
The materials polymerized in the photoDSC apparatus or under the UV lamp were analyzed by FT-IR to check the presence of any residual acrylate double bonds. The monomers were as well analyzed for reference. Fig. 3 shows the spectrum of the PFOA þ 3 wt% Cab-osil precursor and of the same material polymerized at 2.5 mW/cm 2 intensity (top and bottom surfaces). Fig. 4 shows the spectra of the HBP precursor and of the same material photopolymerized at 12 mW/cm 2 intensity. The doublet peak near 1635 and 1620 cm À1 corresponding to C]C in acrylates [39] was used to check conversion [40] . The peaks at 1750 cm À1 for PFOA based materials and at 1725 cm À1 for HBP were assigned to C]O stretching [39] .
For all the PFOA and nc-PFOA polymers the FT-IR spectra did not show the doublet peak at 1620 and 1635 cm À1 , indicating that the final concentration of not converted acrylate double bond was below detection limit. The conversion may then be considered complete. For the HBP polymers the doublet peak was still visible indicating a lower degree of conversion.
The spectra taken on the top and bottom surface of the polymerized samples are similar for HBP, while for PFOA and nc-PFOA they show some remarkable differences. The bottom surface spectrum is similar to the monomer spectrum, except for the disappearance of the C]C peaks and increase of the C-C peaks. The top surface spectra however show a new peak at 1725 cm À1 and a decrease of the peak at 1750 cm
À1
. The shift of the C]O peak from 1750 to 1725 cm À1 has been attributed to the formation of hydrogen bonds between C]O and OH groups [41] . In the upper side spectra also a broad band at 3500-3200 cm À1 appears, attributed to OH/O stretching [39] . The heat flow recorded by the photoDSC was used to follow the advancement of the photopolymerization reaction and calculate conversion. As the FT-IR spectra of the photopolymerized HBP based materials indicated the presence of not converted acrylate double bonds, the double bond conversion at each point in time was calculated as the ratio of the measured heat of reaction to the theoretical total heat of reaction [16] . The latter was calculated as the number of acrylate double bonds per gram of formulation times the heat evolved per converted double bond, i.e. 86.2 kJ/mol [42] .
The maximum heat of reaction obtained by photocalorimetry for the PFOA based systems was higher than the theoretical heat calculated as described above. The moles of acrylate per gram of formulation were calculated from the molecular weights and acrylate numbers given by the suppliers. The presence of lower molecular weight or higher functionality impurities may partly account for the difference between the measured and theoretical heat. Some uncertainty in the determination of the theoretical heat per double bond, that was measured for the thermal polymerization of lauryl acrylate [42] , must also be considered. As FT-IR showed no residual acrylate double bonds in the photopolymerized PFOA based materials, the maximum measured heat of reaction obtained for each of these systems was considered to correspond to complete conversion. The conversion during the photopolymerization was then calculated at each moment as the ratio of the heat of reaction to the maximum heat.
The acrylate double bond conversion as a function of time at different UV intensities for the PFOA and nc-PFOA with 1.5 wt% and 3 wt% Cab-o-sil are reported in Fig. 5a ,c,e and for HBP þ 5 vol% Highlink in Fig. 6a . Similar curves for HPB and HBP þ 20 vol% Highlink and Aerosil nanocomposites are reported in a previous paper [16] . The maximum conversion for PFOA based materials resulted in all cases higher than 0.9 while for the HBP based materials was lower (between 0.65 and 0.73 [16] ) as expected for multifunctional monomers.
After an induction time, which was shorter at the higher intensities (10 s at 0.5 mW/cm 2 , less than 1 s at 50 mW/cm 2 ) and may be attributed to the formation of initiator-derived radicals and in the case of HBP also to the inhibiting action of dissolved oxygen, the reaction rate rapidly increased. This is the so-called autoacceleration or gelation effect [35] : due to the increased viscosity the mobility of the long-chain radical species is reduced, therefore reducing the termination rate as the recombination of two radical chains is not favored, while the small initiator radicals and the monomers can still move freely and continue the polymerization.
The reaction rate reaches a maximum value ða 0 max Þ at a conversion of 0.2-0.3 ( Fig. 7a) then it decreases again (autodeceleration) while the reaction goes on until the maximum conversion.
A third stage in which polymerization continues at very low rate, attributed to vitrification [35] was not present, in agreement with the fact that the T g of the polymers used in this study is lower than the polymerization temperature. However for PFOA based materials the reaction rate versus conversion curve shows a shoulder at a conversion of about 0.8 (Fig. 9) . A full explanation for this has not yet been found. A first hypothesis is that some crystallization took place, as the crystallization temperature of the PFOA based polymers is close to the polymerization temperature. However the crystallization heat, as measured by DSC on the polymerized samples, did not exceed 7% of the total heat evolved. A second hypothesis is that a side reaction started, possibly at the upper surface of the sample, which may explain the shift of the C]O peak. Both hypotheses may contribute to explain the high total heat of reaction.
The reaction rate was, as expected, higher at the higher intensities. However, the UV intensity did not influence the final conversion of the PFOA based materials (Fig. 7b) . The same was found by Geiser et al. [16] for the HBP based materials both with the Aerosil and the Highlink nanofillers.
Also the nanofiller content was found not to influence the final conversion of the PFOA based materials. The same result was obtained for the HBP þ Aerosil nanocomposites, while HBP þ Highlink nanocomposites showed a conversion decreasing with the nanofiller volume fraction [16] . The different behaviour of the Aerosil and Highlink composites was explained in terms of the different degree of dispersion of the nanosilica. In HBP þ Aerosil nanocomposites the filler distribution was inhomogeneous, showing aggregates, while in the HBP þ Highlink it was homogeneous (Fig. 2b,c) . The better dispersion of the nanofiller highly increased the viscosity of the HBP þ Highlink nanocomposite, especially at the highest concentration. The mobility of reacting species at the beginning of the reaction was therefore reduced and more radicals were trapped in the growing network. The PFOA nanocomposites showed a non homogeneous dispersion of the nanofiller and a viscosity similar to HBP þ Aerosil composites, therefore supporting this hypothesis.
Time-intensity superposition
The time-intensity superposition principle may be written as:
where a is the conversion, t the time, I the irradiation intensity and a I the time-intensity shift factor. The validity of this approach was demonstrated by Corcione et al. [37] for the photopolymerization of non-vitrifying epoxy based resin. For each PFOA and HBP composition a single master curve was obtained by a horizontal shift of the conversion versus time curves at different intensities according to equation (1) . The shift factors were determined using the data at 0.5 mW/cm 2 as reference, therefore the shift factor at 0.5 mW/cm 2 is unity. The shifted curves are shown for PFOA and nc-PFOA in Fig. 5b,d ,f and for HBP þ 5 vol% Highlink in Fig. 6b . For the PFOA based materials the time-intensity superposition is excellent until a conversion of about 0.7, and then the shifted curves start diverging. A possible reason for this may be the onset of crystallization. For HBP based materials the time-intensity superposition principle holds very well between 0.1 and 0.5 conversion. The discrepancy in the initial part of the curves may be explained with a delay in the measurement of the evolved heat by the DSC, which is emphasized at the high intensities when the heat flux is higher.
Both for PFOA and HBP based materials the filler content does not affect the shift factors that show a power-law dependence on the intensity (Fig. 8) : For HBP and the composites containing Highlink and Aerosil the exponent b is equal to 0.71 AE 0.05 and for PFOA and nc-PFOA it is equal to 0.45 AE 0.03.
Kinetics
In order to asses if this result is consistent with the kinetics of photopolymerization of the investigated materials a kinetic model that correctly describes the reaction is needed. The autocatalytic model has been successfully applied to the photopolymerization kinetics of acrylates. This is a phenomenological model based on the work of Kamal [43] for thermal cure of polyesters. Although acrylate photopolymerization is not autocatalytic but autoaccelerated, the shape of the curve of reaction rate versus conversion is the same.
The autocatalytic model can be expressed as:
with a r ¼ a a max (4) where a is the conversion at any time, a max is the maximum conversion, k is the rate constant, m is the autocatalytic exponent and n the reaction order. The autocatalytic exponent takes into account the autoacceleration of the photopolymerization reaction caused by the immobilization of the polymer chains in the forming network due to an increase in viscosity that prevents recombination of the polymer radicals, decreasing the termination rate.
The experimental curves for the conversion rate as a function of conversion for the PFOA based materials at different intensities are reported in Fig. 9 . In the same figures are reported as example the curves obtained with the autocatalytic model for an intensity of 50 mW/cm 2 .
As the reason for the shoulder at about 0.8 conversion is not clear, the fitting of the experimental data to obtain the values of the parameters of the autocatalytic model was done taking in to account only the part of the experimental curves before the shoulder.
For all the PFOA based systems the reaction order n was found to be independent of the intensity within the experimental scatter, with a value close to 1, while the autoacceleration exponent m was found to have a value close to 0.4 and very slightly decrease with intensity (Fig. 10a) . This may be due to a slightly reduced viscosity effect at higher intensities. The total reaction order (m þ n) was between 1.4 and 1.6. Similar results were obtained by Khudyakov and co-workers [30] , who found for photopolymerization of monofunctional acrylates in N 2 atmosphere values of n between 1.2 and 1.4 and of m between 0.4 and 0.55.
The values of the rate constant k at the different intensities are plotted in Fig. 10b . The dependence of the rate constant on the UV intensity can be expressed as
where I is the UV intensity. The value of the exponent b is linked to the termination mechanism [44] . When b < 0. For the PFOA materials the constant k 0 and the exponent b were found for the range of compositions studied to be independent of the filler content. The value of the exponent b was found to be 0.42, indicating primary radical termination. This result is in agreement with those of Schmidt et al. [17] and Timpe et al. [45] who also found
The modelling of HBP polymers has been published previously by Geiser et al. [16] . The value of the rate constant k 0 was found to be only slightly dependent on filler content, but strongly dependent on intensity and the exponent b was between 0.5 and 1. The higher values found were attributed to higher amounts of dissolved oxygen and to the higher number of trapped radicals in the hyperbranched structure compared to the monofunctional acrylate.
Discussion
It is evident that the values obtained for the exponent b of the shift factor are equal to the values of the exponent b of the rate constants. In fact assuming that the kinetic law chosen to model the photopolymerization (equation (1)) is correct one can write, at constant temperature:
Integration of this equation leads to:
If aðt 0 ; I 0 Þ ¼ aðt 1 ; I 1 Þ then as the left side of equation (7) only depends on a it follows that:
Substituting the power-law dependence of k (equation (3)) in equation (8) one finds that:
Comparing this equation to equation (2) one can easily see that b must be equal to b, as it has been found for PFOA and HBP photopolymerizations. This result also points out that the radiation dose equivalence principle that can be expressed as:
is not applicable in this case. In fact to have the same conversion it is the product (t$I b ) that must be constant. It therefore descends that those systems for which bimolecular or primary radical termination (b < < 1) are predominant may not abide by the radiation dose equivalence law. As monomolecular termination (b ¼ 1) is favoured by the restriction of the movement of the macroradicals, due to high viscosity and dense network formation, small monomers with low functionality and low viscosity are likely to highly deviate from the radiation dose equivalence principle. A further confirmation is given by the curing behavior, before vitrification, of DPHA (dipentaerythritol penta/hexaacrylate), a monomer with low viscosity and fairly low functionality for which Schmidt et al. found predominant primary radical and bimolecular termination with b ¼ 0.35 [17] , and for which we found that the shift factor b was w0.32. These results are in agreement with the findings of Feng and Suh [24] , who found that the power dose equivalence was respected in the case of monomolecular termination (b ¼ 1), while for bimolecular termination (b ¼ 0.5) it was not.
Conclusions
The time-intensity superposition principle was applied to the photopolymerization of the fluorinated acrylate precursors and of hyperbranched acrylate monomers, without and with addition of SiO 2 nanofiller. All the conversion versus time curves could be shifted to obtain a master curve. The shift coefficients were practically independent from SiO 2 content. They showed power-law dependence from UV intensity with exponents equal to 0.45 AE 0.03 and 0.7 AE 0.05 for PFOA and HBP compositions respectively. These values correspond to those found for the same compositions for the exponent of the power-law dependence of the reaction rate k. This result shows that the power dose equivalence principle is not applicable for the photopolymerization of these compounds.
The study of the influence of UV intensity on the photopolymerization of acrylate based systems was reported in this paper. The reaction rate was higher at the higher UV intensities, however the final conversion was not influenced by the UV intensity. An autocatalytic model was used to describe the photopolymerization kinetics of the PFOA based systems. The reaction order was found to be close to 1 and independent on UV intensity and filler content. The autocatalytic exponent was close to 0.3-0.4, independent on filler content and very slightly decreasing with UV intensity. The overall reaction order was between 1.4 and 1.6. The rate constant was found to be independent on filler content and to have a power-law dependence on intensity k ¼ k 0 $I b . The exponent b was equal to 0.42, i.e. lower than 0.5, indicating prevalence of primary termination mechanism.
